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ABSTRACT 


y  l-r-- 

A  theoretical  model  has-been  developed  for  the  prediction  of  forward  bias 
second  breakdown  due  to  lateral  thermal  instability,  in  power  transistors  operating 
at  low  frequency.  The  method  of  analysis  is  to  derive  the  steady-state 
current  density  and  temperature  distribution  of  a  given  transistor  design 
under  specified  operating  conditions  and  then  calculate  the  response  of 
the  device  to  an  internally  applied  temperature  impulse.  The  current  flow 
calculations  -have-been  carried  out  using  a  distributed  transistor  model 
and  a  finite  difference  approach  is  used  for  the  time-dependent  heat  flow 
problem.  The  effect  of  device  design  parameters  such  as  chip  thickness, 

base  width,  emitter  width,  base  impurity  concentration,  etc-,  on  the 

U«r- 

thermal  stability  has-been  calculated.  Also  the  effect  on,  transistor 

/ 

stability  of  the  current  and  voltage  operating  point,  as  as  heat 
sink  temperature  has-been  analyzed..  Information  on  the  stability  of  a 
power  transistor  under  pulsed  conditions  is  derived  by  calculating  the 
time  constant  in  the  case  of  thermal  run  away.  A  simp-le  experimental 
technique  for  determining  the  temperature  distribution  on  the  surface  of 
a  transistor  chip  under  normal  operating  conditions  using  liquid  crystals, 
has  been  developed.  This,  coupled  with  electrical  voltage  probing,  permits 
an  estimation  of  the  current  density  distribution  in  the  transistor  emitter 
fingers.  A  test  circuit  has  been  constructed  for  the  determination  of  the 
power  limitation  due  to  second  breakdown.  DC  and  pulsed  operation  as  well 
as  the  temperature  dependence  cf  this  failure  mechanism  have  been  studied 
in  a  preliminary  way. 


Finally  a  method  for  calculating  the  stabilizing  effect  of  emitter 
resistor  ballasting  is  indicated  and  a  new  technique  for  improvement  of  the 
forward  bias  second  breakdown  behavior  of  transistors  is  proposed.  The  latter 
method  involves  the  use  of  a  deposited  thin  film  germanium  resistor  to 
sense  the  temperature  locally  and  to  shunt  to  ground  excess  current  which 
may  be  drawn  spuriously  by  a  particular  emitter  finger. 


11 


TABLE  OF  CONTENTS 


Abstract 

Introduction  .  1 

Theoretical  Prediction  of  Second  Breakdown  . . . . .  5 

A.  Electrical  and  Thermal  Model  . * . . . .  5 

List  of  Symbols  . 25 

B.  Calculated  Results  for  Specific  Transistor  Designs  . .  28 

1.  Effect  of  Varying  Collector  Current  and  Voltage  for  a  Given 

Opt  rating  Power  Level  . .  28 

2.  Ef 5 eftt  of  Reducing  Transistor  Chip  Thickness  .  33 

3.  Effect  of  Heat  Sink  Temperature  . 37 

4.  Effect  of  Base  Width  Variation  . 37 

5.  Effect  of  Varying  Emitter  Width  .  44 

6.  Effect  of  Varying  Base  Impurity  Concentration  . . 44 

Experimental  Results  . 52 

A.  Electrical  Probing  .  52 

B.  Temperature  Determination  Using  Liquid  Crystals  . 59 

C.  Current  Density  and  Temperature  Profiles  in  a  2N3263  . . .  63 

D.  Measurements  of  Second  Breakdown  Limitation  of  Commercial  Power 

Transistors  .  73 

1.  The  Test  Circuit  .  73 

2.  Experimental  Results  on  Second  Breakdown  .  79 

Methods  of  Improvement  of  Second  Breakdown  Transistor  Behavior  .  93 

A.  Computer  Calculation  of  the  Stabilizing  Effect  of  Emitter 

Ballasting  .  93 

B.  Temperature  Sensing  Stabilization  .  95 

References  . , . . .  200 

Conclusions  and  Future  Work  .  101 

Distribution  List  .  102 

Document  Control  Data  -  R  5  D 


109 


LIST  OF  FIGURES 


Figure  No.  Titie  Page 


CHAPTER  II 

1.  Multi-Emitter  Interdigited  Transistor  Geometry  Assumed  for 

Thermal  Stability  Calculations  .  6 

2.  Structure  in  Which  Flow  is  Two-Dimensional  .  7 

3.  A  Distributed  Transistor  Model  . 9 

4.  Region  of  Analysis  with  Assumed  Boundary  Conditions  for  the  Steady 

State  Heat  Flow  Problem  . .  18 

5.  TypicaL  Node  for  the  Finite  Difference  Method  .  20 

6.  Region  of  Analysis  with  Assumed  Boundary  Conditions  for  the  Time- 

Dependent  Heat  Flow  Problem .  23 

7A.  Current  Density  Distributions  for  Constant  Power  with  Varying 

Current  and  Voltage  .  30 

7B.  Temperature  Distributions  for  Constant  Power  with  Varying  Current 

and  Voltage . 32 

8A.  Current  Density  Distributions  for  Varying  Chip  Thickness  .  34 

8B.  Temperature  Distributions  for  Varying  Chip  Thickness  .  35 

9A.  Current  Density  Distributions  for  Varying  Sink  Temperature  .  38 

9B.  Temperature  Distributions  for  Varying  Sink  Temperature  .  40 

IOA.  Current  Density  Distributions  for  Varying  Base  Width  .  41 

IOB.  Temperature  Distributions  for  Varying  Base  Width  .  43 

IIA.  Current  Density  Distributions  for  Varying  Emitter  Width  .  45 

II B.  Temperature  Distributions  for  Varying  Emitter  Width  .  47 

12A.  Current  Density  Distributions  for  Varying  Base  Doping  .  48 

12B.  Temperature  Distributions  for  Varying  Base  Doping  .  50 

Q1AFTER  III 

13.  Experimental  Set  Up  for  Vaoltage  Probing  .  53 

14.  Sheet  Resistance  Measurement  on  the  Emitter  Finger  .  55 

15.  Total  Emitter  Current  Versus  Difference  in  VRP  at  the  Finger 

Ends  . 56 

15A.  Potential  Drop  Along  the  Central  and  Outer  Emitter  Finger  Versus 

Emitter  Current  .  58 

16.  Line  Pattern  for  Temperature  Calibration  of  Liquid  Crystals  .  61 

17.  Temperature  Isotherms  on  the  Chip  Surface  of  2N3263  at  a  Low 

Power  Level  .  64 


LIST  OF  FIGURES 


Figure  No.  Title  P 

CHAPTER  III  (Continued) 

18.  Current  Density  Distribution  Along  the  Central  Emitter  Finger 

for  Various  Values  of  n  . . . 

19.  Current  Density  Distribution  Along  the  Emitter  Finger  for  Various 

Fingers  Operating  at  a  Low  Power  Level  . 

20.  Colored  Photographs  of  the  Transistor  Chip  Coated  with  Liquid 

Crystals  at  Various  Emitter  Current  Levels  . 

21.  Temperature  Isotherms  on  the  Chip  Surface  of  2N3263  at  a  Moderately 

High  Power  Level  . . 

22.  Current  Density  Distribution  Along  the  Emitter  Finger  for  Various 

Fingers  Operating  at  a  Moderately  High  Power  Level  . 

23.  Block  Diagram  for  Second  Breakdown  Test  Set  . . . 

24.  Current  Regulator  of  Second  Breakdown  Test  Set  . . . 

25.  Voltage  Regulator  of  Second  Breakdown  Test  Set  . 

26.  Second  Breakdown  Sense  and  Latch  Circuit  . 

27.  Breakdown  Characteristics  for  2N3054  . 

28.  Breakdown  Characteristics  for  2N3772  . 

29.  Breakdown  Characteristics  for  2N3055  . 

30.  Breakdown  Characteristics  for  2N3263  . 

31.  Comparison  of  Breakdown  Characteristics  for  2N3263  Under  DC  and 

Pulsed  Operation  . 

32.  Breakdown  Characteristics  of  2N3263  for  Various  Case  Temperatures. 

33.  Junction  Voltage  VgE  versus  Temperature  . 

34.  Comparison  of  Assumed  Temperature  Distribution  of  Junction  and 

"Measured"  Temperature  . 

CHAPTER  IV 

35.  Circuit  for  Transistor  Thermal  Stabilization  Using  a  Semiconductor 

Temperature  Sensing  Stabilizing  Resistor  . 


t 


LIST  OF  TABLES 


Table  No.  Title  Page 

I.  Design  Parameters  for  a  PNP  Planer  Power  Transistor 

Structure  .  29 

II.  Voltage  Difference  Between  the  Outer  and  Central  Emitter 

Fingers  ,f or  Various  Current  Levels  . . .  59 

III.  Color  Versus  Temperature  Relationship  for  VL-126190 

Liquid  Crystal  Solution  . . . . . . .  62 


vi 


I.  INTRODUCTION 


The  primary  purpose  of  the  work  described  in  this  interim  report 
is  to  investigate  the  factors  which  l^mit  the  maximum  thermally  stable 
operating  power  of  bipolar  transistors,  both  theoretically  and  experimentally. 
The  results  suggest  practical  devices  designs  which  are  optimized  with 
respect  to  the  reliable  operation  of  power  transistors  at  low  frequencies. 

The  power  handling  capability  of  a  transistor  operating  as  a  switch  or 
amplifier  is  seriously  limited  by  the  phenomenon  called  "second  breakdown". 
This  effect  is  believed  to  result  from  current  concentration  somewhere 
in  the  device  in  high  power  operation,  causing  severe  localized  heating. 

Consequently,  the  device  characteristics  are  often  irreversibly 
degraded. 

Due  to  this  failure  mode  transistors  available  today  are  rather 
limited  in  their  high  power  capability  compared  to  multilayer  semiconductor 
switches.  For  example  thyristors  are  available,  at  a  moderate  cost, 
which  will  handle  several  hundred  amperes  and  block  a  thousand  volts  in 
a  switching  application.  However  transistor  switches  which  can  operate 
reliably  at  this  power  level  are  unavailable  at  present,  mainly  due  to  the 
second  breakdown  failure  mode.  One  major  difference  between  transistors 
and  thyristors  is  that  the  current  injected  by  the  emitter  of  a  transistor 
is  generally  not  uniform  over  the  whole  emitter  area  but  is  constricted 
to  the  edges  or  center  of  the  emitter  causing  local  heating  there.  This 
is  in  contrast  to  the  uniform  current  emission  over  the  whole  cathode  area 
of  a  thyristor  in  the  conducting  state.  Hence  a  substantial  portion  of 
this  research  has  been  devoted  to  ascertaining  both  theoretically  and 
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experimentally  the  device  design  factors  affecting  the  distribution  of 
current  over  the  emitter  area  of  a  power  transistor  operating  in  the 
active  region  at  low  frequency. 

Much  progress  has  been  made  in  recent  years  in  obtaining  a  comprehensive 
understanding  of  the  basic  nature  of  the  instability  problem  observed  in  the 
high  power  operation  of  bipolar  transistors,  referred  to  as  second 
breakdown.  A  survey  of  early  studies  of  this  phenomenon  can  be  found  in 
a  paper  by  H.  A.  Schafft  [1] .  The  bulk  of  these  studies  indicate  that 
the  nature  of  this  instability  is  basically  thermal  in  origin,  deriving 
from  the  large  positive  temperature  coefficient  of  the  transistor  emitter 
current.  Power  dissipated  internally  in  the  device,  when  put  in  operation 
in  the  active  mode,  occurs  mainly  in  the  collector  space-charge  layer  and 
is  given  by  the  product  of  collector  current  and  the  collector  voltage 
across  this  region.  This  results  in  a  thermal  flux  which  is  directed 
back  towards  the  emitter  junction,  heating  it  and  causing  additional  current 
to  be  injected  towards  the  collector.  The  process  then  repeats  itself 
resulting  either  in  the  achievement  of  a  steady-state  current  density  and 
temperature  distribution  or  a  potentially  destructive  thermal  run  away 
situation.  Also  a  spurious  small  temperature  inhomogeniety  (hot  spot) 
somewhere  near  the  emitter  junction  can  cause  a  severe  localization  of 
current  and  hence  a  "lateral"  thermal  instability  which  grows  exponentially 
with  time  [2] . 

Analysis  of  this  problem  is  complicated  by  the  fact  that  the  emitter 
current  density  is  never  really  uniform  over  the  emitter  surface  in  a 
transistor  operating  in  the  active  mode.  A  transverse  voltage  drop  in 
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the  transistor  base  region  due  to  base  current  flow  tends  to  bias  the  7 

:  g 

emitter  current  to  the  emitter  edges.  At  high  power  densities  aoj-iaifora 

w 

internal  heating  will  also  affect  the  current  density  distribution  in  the 
emitter.  This  conolex  situation  has  been  analyzed-  in  some  detail  using  a 

I 

distributed  transistor  nodal  [5] .  The  calculation  provided  a  rough  ^criterion 

for  thermal  stability  but  ignored  thermal  interactions  oc curing  under 
-  « 

the  transistor  emitter.  . 

A  major  purpose  of  this  report  is  to  describe  a  theoretical  technique 

for  demonstrating  in  a  more  precise  tanner,  whether  a-  specifically  defined 

■ 

I 

transistor  structure  operating  with  a  given  collector  current  and  voltage 
is  thermally  stable.  Gn*y  forward  second  breakdown  will  be  considered  * 
where,  the  transistor  is  operating  in  the  active  node.  The  component  of  base 
current  due  to  collector  leakage  is  not  considered.  The  results  of 

f 

*  *  •  s 

calculations  investigating  the  stability  of  a  variety  of  transistor  structures 
*  •  _ 

will  be  presented.  The  method  used  is  to  first  establish  the  steady-state 

.  .  '  : 
current  density  and  temperature  distribution  over  the.  entire  emitter  function 

i  .  s 

of  a  transistor  operating  in  the  active  region  at- a  particular  power  level, 
according  to  a  distributed  transistor  model  [3] .  Then  a  temperature  impulse 

•  •  s  : 

is  assumed  somewhere  near  the  emitter  at  a  particular  instant  in  time. 

The  current  density  and  temperature'  redistribution  due  to  this  heat  spike 
is  then  followed  in  time  with  the  aid  of  a  computer  program;  Either  the  . 
effect  of  this  disturbance  will  settle  down  in  a  finite  period  c-f  time  or 
an  instability  will  occur  resulting  in  thermal  run  away.  Since  the'eurrent 

j  i  •: 

density  and  temperature  distribution  are  calculated  after  each  small  time 
interval,  this  model  can  provide  information  about  the  delay  time 
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for  tbenal  run  stay.  This  data  is  very  important  in  evaluating  the 
transistor's  capability  in  poised  operation. 

A  test  circuit  for  experimentally  determining  the  thermally  stable 
power  capability  of  commercially  available  power  transistors  operating  at 
low  frequency  is  also  herein  discussed.  The  results  of  such  measurements 
on  a  few  device  types  are  presented.  The  effect  of  device  design,  current 
and  voltage  operating  point  and  heat  sink  temperature  have  been  thus 
experimentally  investigated  for  ultimate  correlation  with  the  theoretical 
studies. 

A  technique  has  been  developed  to  determine  simply*  and  inexpensively 
the  temperature  and  current  density  distribution  in  a  power  transistor  in 
operation.  The  method  involves  the  coating  of  the  transistor  surface  with 
cholesteric  liquid  crystals  which  are  temperature  dependent  and  assume  a 
particular  characteristic  color  of  the  tenperature  of  the  silicon  chip, 
locally.  This  permits  visible  observation  of  the  temperature  distribution 
over  the  transistor  surface.  Electrical  voltage  probing  along  the  transistor 
enitter  fingers1  coupled  with  the  tenperature  data  allowed  the  current 
density  values  along  and  among  the  emitter  finger  to  be  calculated. 

Methods  for  minimizing  the  thermal  instability  of  a  given  transistor 
structure  were  investigated.  A  technique  was  derived  for  calculating  the  value 
of  ballast  resistor  which  must  be  placed  in  series  with  each  emitter  finger 
to  insure  thermal  stability  by  limiting  the  current  carried  by  that  finger 
should  it  become  higher  ir.  temperature  than  the  other  fingers.  Also  discussed 

1.  Devices  with  interdigited  emitter  structures  were  investigated. 
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is  a  sew  ides  for  avoiding  thermal  res  away  using  a  temperature  sensitive 
resistor  to  shesat  to  excess  base  current  which  will  tend  to  be 

drawn  by  excess  temperature  rise  at  a  particular  site  of  an  operating 
transistor. 

ii.  ussamoL  paaiicnoBg  of  secokp  bsembwmj 

A-  Electrical  and  Thermal  Model: 

The  device  chosen  for  analysis  is  a  nine-finger  intezdigited  power 
transistor  chip  which  is  shown  in  orous  section  in  Fig-  1.  Since  the 
temperature  of  the  innermost  emitter  finger  tends  to  be  Biaxlarcan,  it  is 
expected  that  the  thermal  stability  of  this  finger  is  most  critical  and 
hence  this  center  finger  alone  is  analysed  in  detail-  Only  a  two-dimensional 
model  of  the  transistor  cross  section  is  assumed  and  the  non-uniformity  of 
current  flow  due  to  any  voltage  drop  or  temperature  variation  along  the 
length  of  the  emitter  finger  is  ignored. 

The  steady  state  current  density  and  temperature  distribution 
transversely  along  the  emitter  base  junction  are  calculated  by  using  a 
distributed  model  [5]  of  the  active  base  region  of  the  transistor-  This 
temperature  dependent  transistor  model  makes  use  of  an  isothermal  model 
developed  by  Schlax  (4].  The  two  dimensional  transistor  geometry  considered 
is  shown  in  Fig-  2.  The  longitudinal  direction  is  denoted  by  x-coordinate 
and  the  transverse  direction  is  denoted  by  the  y-coordinate.  In  order  to 
calculate  the  current  and  potential  distributions  in  the  active  base 
region  of  the  PNP  device  the  following  basic  equations  are  used: 
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I 

emittop  Intonllglted  translator  goomotry  assumed  Ter  thermal  etablllty  calculation# 


-  Longitudinal  direotion 


The  flew  relations  * 


J  =  653  eS  +  CSS  7s 
£  -  c 


The  CeKst-v-rmizr  refati(g:tsMgs  (ssscnuiEg  go  traps? log) 


-i-J,  +  2l=  0 
q  a  t. 


-  if-J  -e-2l=0 

q  e 


Ganss*s  law 


Maxwell  *s  Equations 

-*■  -± 
?iE  =  0 


CD 

(2) 


CD 

CD 


(5) 


(6) 


Steady  state  conditions  and  the  absence  of  non-equilibrium  voliae  carrier 
generation  processes  are  assessed  by  equations  3,4,  and  6. 

The  distributed  model  of  the  transistor  consists  of  a  number  of  ore- 
diaensional  transistors  vith  their  bases  connected  through  discrete 
resistors  and  with  their  emitters  and  collectors  connected  together  as 
shown  in  Fig.  3.  For  the  present  analysis  the  active  base  region  of  a 
PXP  device  is  broken  into  forty  increments  of  equal  width  which  corresponds 
to  forty-one  parallel  transistors. 

Because  of  the  non-linear  nature  of  equations  1  -  6  at  medium  and 

high  levels  of  injection  the  following  simplifying  approximations  and 

■—  —  -  ' 

See  page  25ff  for  definition  of  symbols  used. 
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asstmptioss  are  made: 


(1J  The  Boltmasa  nelaticsssMp  is  assumed  to  hold  tree  along  the  base 
emitter  jcsactiosa  at  all  Injection  levels  - 

(2J  The  Eissteio  relatloeship  is  assamed  to  be  true  everywhere  ia  the 
actitre  base  region  sad  emitter  region. 

(3)  Qzssi-scsstrallty  is  assessed  to  bold  tree  at  all  injection  levels- 

(4)  It  is  assented  that  there  is  a  linear  gradient  of  minority  and  majority 
carriers  across  the  base  width  ia  each  increment  of  the  active  base 
region. 

(5)  The  carrier  concentrations  along  the  entire  base-collector  junction 
are  assumed  uniform  and  equal  to  the  equilibrium  carrier  concentration 
in  the  active  base  region. 

(6)  The  lifetime  of  minority  carriers  in  the  base  and  emitter  are  assumed 
to  be  constant  for  all  levels  of  current - 

(7)  Recombination  in  the  base-emitter  and  base-collector  space-charge 
region  is  neglected. 

(S)  The  component  of  base  current  injected  into  the  collector  region  is 
assumed  to  be  negligible  in  comparison  with  the  total  base  current. 

(9)  The  doping  profile  of  the  transistor  structure  is  assumed  to  be  unifora 
in  the  emitter  and  base  regions  with  an  abrupt  junction  between.  The 
eaitter  region  is  assumed  to  be  very  heavily  doped  with  respect  to  the 
base  region  and  hence  essentially  equipotential . 

(10)  As  shown  in  Fig  2,  the  device  being  analyzed  is  sysnetric  about  the 
base  nidplane.  Therefore  only  half  of  the  active  base  region  need 
be  analyzed.  The  transverse  base  current  at  the  nidplane  is  zero. 
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(11)  The  base  width  is  assumed  to  be  fixed  and  independent  of  operating 
coEaditioas- 

(12)  The  transverse  minority  carrier  cmrrent  in  the  base  is  assumed  to 
be  zero. 

(15)  Use  total  longitudinal  majority  carrier  current  density  is  assured 
to  be  much  less  than  either  its  drift  or  diffusion  component. 

By  using  the  assumption  that  the  longitudinal  (x-direction)  majority 
carrier  current  is  much  less  than  either  its  drift  cr  diffusion  components, 
the  longitudinal  and  transverse  components  of  electric  field  axe  expressed 
£4]  by 


Ex(x,y)  =  *  ~  n(x,v) 

E  (x,y)  =  fin  n(x,y)  +  **  f 
y  q  Sy  v  a  dy  1  p  f«,y) 


(7) 

(8) 


where  p  and  n  are  the  ninority  and  majority  carrier  concentrations  and 
?0(»,y)  is  the  equilibrium  hole  concentration  on  the  base  side  of  the 
base  emitter  junction  which  is  assuned  to  be  equal  to  the  equilibriua 
hole  concentration  in  the  base  region  (i.e.,  pQ(w,y)  =  =  n-/nQ) - 

Substitution  of  the  equations  (7)  and  (8)  into  equations  (1)  and  (2)  give 
the  following  expressions  for  the  minority  and  majority  carrier  current 
densities  in  terms  of  carrier  concentration: 

Jj^O^y)  =  -qDhp(x,y)  f  ln[p(x,y)n(x,y)]  (9) 

Jey(x,y)  =  qDen(x,y){^  ln[p(w,y)n(w,y)]  -  ^ln[po(w,y)]}(10) 
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(11) 


J 

ex 


ky) 


q9^p(w,y)n(«f,y) 


where 

L  is  the  diffusion  length  of  electrons  in  emitter  region 

[L  =  (9  x  )1/2J, 

ee  ee  e 

9  is  the  diffusion  constant  of  electrons  in  the  emitter  region 
ee 

at  low  levels  of  injection  and 

is  the  equilibrium  hole  concentration  in  the  emitter  region. 

The  Einstein  relation  [  9  lit  =  Djv.  =  kT/q  ]  is  assumed  valid  for  non- 

e  e  n  n 

equilibrium  conditions. 

The  incremental  resistors,  Rj,  which  separate  the  one-diaensional 
transistors,  are  determined  by  assuming  a  linear  distribution  of  electron 
concentration  across  the  base  and  by  using  the  average  electron  concentration 
to  define  the  electron  conductivity  by 


I  I  I 
a  =  qu  n  , 
e  n  e  ave 


(12) 


where 


and 


n  =  0.5[n(w,IAy)  +  n]  1  <  I  <  N 
ave  1  oJ  =  = 


.  H 
=  N 


(13) 


(14) 


Thus,  the  incremental  resistors  can  be  expressed  as  follows: 


RI  = 


Ay 


,  I 
L,w  a 
1  e 


(15) 


where 


</  is  the  average  conductivity  of  the  Iin  increment. 
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q  is  the  electronic  charge 

n*  is  the'  average  electron  concentration  in  the  I1*1  increment, 
ave 

nQ  is  the  equilibrium  electron  concentration  in  the  active  base, 
y*  the  mobility  of  electrons  in  1^  increment 
H  is  half  the  emitter  finger  width, 

N  is  the  number  of  increments  of  half  the  active  base,  chosen  to  be 
20  for  the  present  analysis, 
w  is  the  base  width 
and  Lj  is  the  emitter  finger  length. 


The  carrier  mobility  y*  is  assumed  to  be  a  junction  of  n*  .  The  following 
functional  relationships  given  by  Smythe  [5]  are  utilized: 

Vi 


and 


where 


ho 


ye  = 


1  +  ahn(x,yVnQ 


eo _ 

1  +  aen(x,y)/no 


(16) 


(17) 


and 


ah  = 


ho 


l.S  x  10 


20  [no  -  Po3 


a  =  a, 
e  h  y 


eo 


(18) 


(19) 


ho 


yho  and  yeQ  are  the  low  level  injection  hole  and  electron  mobilities 
respectively  and  n  is  the  majority  carrier  concentration.  For  the  present 
analysis  n(x,y)  is  taken  as  the  average  electron  concentration  in  sach 
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increment  and  is  given  by  Equation  13.  By  using  'the  Einstein  relation 

[D  /\x  =  D  /u  =  kT/qj  and  Eqs.  (16)  and  (17),  .similar  functional  relationships 
g  c  n  n 

for  the  electron  and  hole  diffusion  constants  are  obtained. 

In  order  to  determine  the  transverse  potential  drop  in  the  base  region 
from  the  emitter  center  to  emitter  edge,  the  incremental  voltage  drops 
across  the  incremental  resistors  are  summed.  The  base  current  of  each 
incremental  device  is  assumed  to  be  composed  of  two  components 


I*  =  i}  +  I? 
b  be  br 


2  <  I  <  20 


i  ■  °'s<iL *  for  1  ■  *•«. 


where 


I  til 

1^  is  the  total  base  current  of  the  I*"11  incremental  transistor, 

I*e  is  the  portion  of  I*  injected  into  the  emitter  region, 

I*r  is  the  portion  of  I*  which  recombines  with  holes  in  the  base 

1  21 

region  and  where  1^  and  1^  are  divided  by  two  due  to  symmetry. 

The  emitter  back  injection  current  of  electrons  for  each  increment  is  given 


by  [4] 


"be  *  Ll4y 


After  substituting  for  J  from  Equation  (11),  the  above  equation  becomes 

GX 

T  L  AyqD  p(w,IAy)n(w,IAy) 

V  =  -i - £2 -  (22) 

be  L  p 

eereo 

The  bulk  recombination  current  is  calculated  by  approximating  the  minority 
carrier  concentration  in  each  increment  by  a  linear  distribution  as  follows: 


qwLjAyptw.IAy) 
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where  is  the  lifetime  of  holes  in  the  base  region. 

At  low  levels  of  injection  the  "emitter  defect"  [6]  is  defined  as 


DEFECT  = 


h  ' 


where  1^  is  the  total  base  current  and  I^e  is  the  portion  injected  back, 
into  the  emitter.  The  analytical  expression  for  low  level  defect  is 
given  by  [4] 


DEFECT  =  - - -  (25) 

1  +  eereo 

2D  x.  n(w,0) 
ee  h  v  J 

The  total  base  current  contribution  for  each  incremental  transistor 
is  given  by  I*.  However,  the  total  current  flowing  through  each  incremental 
resistor  is  the  sum  of  the  base  currents  contributed  by  each  preceeding 
devices.  Therefore  the  current  flowing  in  each  resistor  is  expressed  as 


=  \ 


1  <  I  <  19 


and  !Ri  =  Ib.  (27) 

Since  the  transverse  base  current  is  composed  of  diffusion  and  drift 
components,  the  incremental  voltage  drop  across  each  incremental  resistor 
is  defined  as: 


1VI  ■  Ydr  IR,RI 


where 


I  A  e 


T  Drift.  TA  . 
J  (w,IAy) 


Jey(w,lAy) 

Here  y^r  is  the  fraction  of  the  transverse  base  current  that  is  drift  current 
th 

in  I  increment  and  satisfies  the  condition 
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1 


0.5  <  Yj  <  1 
=  dr  = 


(30) 


For  low  levels  of  injection  =  1*0  .and  for  high  levels  of  injection 
Ydr  *  0.5  [4]. 

J  (w,IAy)  is  the  transverse  electron  current  density  in  each  increment 
ey 

and  J  ^rift(w,IAy)  is  the  drift  component  of  transverse  electron  current 
ey 

density. 

Using  the  Boltzmann  relationship  and  knowing  the  difference  in  potential 
between  two  discrete  points  along  the  base-emitter  junction  and  the  minority 
carrier  concentration  at  one  point,  the  minority  carrier  concentration  at 
the  second  point  is  calculated  as  follows: 

qV 

p(w,(I+l)Ay)  =  C  exp(«j^— ]  (31) 

1  K1I+1 

qV 

and  p(w,IAy)  =  (^exptp^],  (32) 

where 

Cj  is  a  constant  proportional  to  the  reverse  saturation  current, 

VT  is  the  junction  voltage  at  a  discrete  point  along  the  base-emitter 
junction, 

and  Tj  is  the  temperature  (°K)  at  a  discrete  point  along  the  base  emitter 
junction. 

Assuming  the  entire  transistor  to  be  an  isothermal  region 


T  =  T  =  T 
XI  1+1 


and  from  equations  (31)  and  (32) 

r^VI+l 


P (w> (I+l)Ay)  = 
p(w.IAy)  'Pl 


kT 


], 


(33) 
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where 


iV 


I+l 


a 

=  V 


1+1 


-  V 


The  assumption  that  the  emitter  is  iso  thermal  is  found  to  be  reasonable 
at  high  current  levels  for  values  of  collector  voltage  approaching  zero  only, 
and  as  the  value  of  the  collector  voltage  ¥^_  is  increased,  the  d.c.  heat 
dissipated  in  the  collector  space-charge  region  causes  a  transverse  thermal 
gradient  along  the  em tter-hase  junction  [3]. 

The  temperature  distribution  in  the  base  region  is  obtained  by  solving 
the  heat  flow  problem  in  the  power  transistor  structure  by  finite  difference 
method  [7] .  The  two-dimensional  region  considered  for  the  heat  flow  problem 
is  shown  in  Fig.  4  with  assumed  boundary  conditions.  Due  to  symmetry 
3T(x,0)/3y  =  0.  It  is  also  assumed  that  3T(x,L)/3y  =  0  half  way  between  the 
edge  of  the  center  emitter  and  the  edge  of  the  adjacent  emitter,  considering 
that  most  of  the  heat  generated  goes  into  the  heat  sink  and  very  little  is 
radiated  from  the  edges  of  the  chip.  The  heat  sink  is  assumed  to  be  held 
at  a  uniform  fixed  temperature,  T..  Assuming  that  the  internal  heat 
generated  by  the  transistor  occurs  mainly  at  the  base  collector  junction, 
the  boundary  condition  at  this  junction  is  given  by  K3T(W,y)/3x  =  vCEJc(y) 
where  K  is  the  thermal  conductivity  of  the  transistor  semiconductor  material, 
V^i  is  the  emitter  to  collector  voltage  which  is  assumed  to  be  nearly 
entirely  across  the  base  collector  junction  and  J^Cy)  is  the  minority 
carrier  current  density  at  the  base-collector  junction.  It  is  further 
assumed  that  negligible  heat  is  radiated  or  convected  from  the  chip  surface 
to  the  ambient.  Hence  3T/3x  =  0  at  the  chip  surface  between  emitters.  The 
temperature  dependence  of  the  thermal  conductivity  of  silicon  as  measured 


Sy  (EBassfrgcgncg-  am£  SBagft  fj$J  is  aggcroxros«£  ay  tie  roggcsssam 


„  SH® 
K  * 
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gwasss/oE*KB. 


(3*1 


Tie  first  order  rroguffatiatial  rolcaalc  fro  tie  finite  difference 
aetaod  of  soEastioci  of  ta*  Seat  flour  gaaMtem  is  srhawr  im  Pig.  S.  Par  steady 
state  camiitrioa,  the  im  that  coffers  camr  note  rest  cyal  the  ftcaff  tftat 
leases  tie  rode,  lie  heat  rtauamre  for  point  gives  tie  foil  Baaing 

expressiac  far  tie  teroeratsane  at  tiis  rode  fSj: 


TC*.yl  =  - |iLT([x^,y>»P_TC*^,yJ-^([s,y-i><HtJ.TCxlly^}| ,  £3SJ 

sfecre  x  sm  y  iaareacsffs  axe  both  ffaiciti  as  i  aad 

is  tie  tacraal  cosicbEtivity  at  ^fTCx-i,y}-^T{x,y)l, 

} 

is  tie  taeraal  coodactivity  an  ^{T(»4,y)*T(x,y)l,  etc. 

Tbe  teaperatsre  xariatica  aloeg  tie  emitter-base  ynnetion  is  aatilized 
to  calculate  tbs  tenperatare  dependence  of  intrinsic  carrier  egareatrat  jam . 
b.  fT)  am?  tie  emitter- base  jeo».  tinea  voltage  V.  {5|.  lie  teaperatare 

2  “31& 

ccpcadcace  of  e.  in  the  I  increment  is  expressed  ss  follows  {10] : 

°iI{T)“  C2^  t*> 

where 


C2  .s  a  constant,  independent  or  temperature ,  and  E^q  is  the  width 
of  the  energy  gap  extrapolated  to  absolute  zero. 

The  experimental  expression  for  the  intrinsic  carrier  concentration  for 
silicon  is  given  by  £10] 


n. (T)  =  5.88  x  1016  1*/2 


-700011  -5 

£  wad 


(37) 
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?i«.  5:  Typical  node  for  the  finite  difference  aethod. 
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So-  auslaa ad)  nai  ntfocaninr  §3jj  me  acrsa£2«£  gx&aefuzz  wfiiarifa  aaiisSics  a Se 
CBaessr-^Kse  v®Baa®ts  is  u sci  o»  «te*i m  a  <raar»2.cMe  carrers  density  and 
g gape rasaae*  ifrfgTTi'*>^air  as  *Katt*r-bR5*  ^Bsccasiii. 

Hr*  dbesigt  gasaw*c*3s  arrancf  fixe  the  WP  ttlamar  transistor  sttmacaissne 

sEEtSyr e£  see  listed  ins  Tibi*  E_  15*  xalsaes  efi  ait  sasaneacts  a>  „  v  and 

e©  * 

as*  daxs*®  sues  that:  ta*  !w  Here!  defect  Ec-  £Z5J  is  apadaeixei  «&ile 
the  vxls*  ®fi  E®w  EexeE  jggggnal  gafe  is  a*Ed  fixed-  13*  analytical 
epgcssiag!  far  as*  lav  level  iagearsal  aaaeom  eaf  tter  jaic  wfcich  is  aa*  jpric 
®f  aa*  active  ygrtlcrs  ©fi  a  eerier,  ae^lertia®  sagface  gffaaribBaattiMBi  ams 
<ranuaftivriay  mnarnSattiffTt  ia  aa*  inactive  base  region:,  is  as  follows  £4 J ; 


a 


a  s 

2 

w~ 


_ 1 _ 

i  ♦  25  ;  m£w,(B} 

ee  *■ 


wL  » 

eerto 


|3SJ 


%  minimizing  aa*  low  level  ciefera,  aa*  percentage  oraswdiiDg  that  ©nnxrs 

at  high  levels  of  injection  is  aanimizeid  and  the  gafe  fell  off  is  smaller  f-Sj _ 

16*  values  of  low  level  mobilities  r  .  ,  z  ,  at.  aie  obtained  bv 

coo  eeo  too 

using  tie  data  compiled  by  Irria  £11} -  The  beat  sink  temperature  is  assumed 
to  be  2£.5*C  unless  otherwise  specified-  The  total  casrreat  deaasity  along 
tae  emitter-base  junction  [j.  (w,y)  ♦  J  (w,y)]  and  the  temperature 
distribution  for  various  design  parameters  ssd  operating  conditions  have  been 
calculated  and  are  discussed  in  the  next  section . 


The  stability  of  a  particular  operating  condition  of  a  specified  power 
transistor  design  is  tested  by  introducing  a  temperature  impulse  somewhere 
near  the  emitter  junction  at  a  particular  instant  in  time.  The  current 
density  and  temperature  redistribution  at  the  emitter-base  junction  due  tc 
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this  bras  *sm  5e  ts  ebr®  fbEBcued  sx  cine  aracb  c be  aid;  cf  a 


Fseaer  cite  efface  of  c5cs  Jutstasg&unne  *525  sectSe  dbwai  sa  a  fxasce  geciccS  of 
cine  car  ax  iasscabsBicy  *52  E  xrrcr  ressBcixrj  am  ebemaB  rursaay  |2|. 

Fb±-  regiar  cf  aaaiysis  with  esstaaef  bnaniacy  «sra£iciax$  far  eae  cine- 
(fepenftsrc  bear  fBcur  precise  is  shcwes  ix  Fig-  6-  Sixes-  ere  asssagd  symmetry 
aieux  ere  oxse  axe  xBase  is  as  Banger  'raise,  ere  -*&oBe  base  region  is 
anniy-ef.  Be  sSxnrid  cu,  pointed  ©cr  rarer  if  ere  hear  inprise  cccers  samsM&sr 
ceeaesx  tie  snirrer  fixgsrs,  ere  bcanfsrx  ©©rndicinas  ?T{r,LJ/*T  =  @»  and 
-rF([x,-iLj/5y  =  ©  are  ro>c  rery  realistic  arc  ebgx  ere-  ran  aacay  sirrsEtiom  is 
Bess  critical-  Fie  first  order  rsmpetntiornal  xoisccle  for  ere  finite 
difference  neebcc  is  sheue:  ix  Fig-  5-  For  cite  rrarsiese  psooien  the  rear 
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seers  secs  race  rnrrcs  ere  rear  arc  errrms  a  essste  taae  sntsrrai  mast 


ears!  tie  prodbre  of  ere  refs  osar  capacity  sac  ere  soar  remperaexre  rise 
dbrirg  ere  else  ixeerrsi.  Base  balance  for  ere  acre  {z,y}  gtres  ere 
fbiioMirg  ezplicie  fornriseioa  of  ere  fiaiie  difference  rechoc  £9j: 


£.7( x-h.r.e,  -  I  8Ji-h,y,ei  *  3L7(x,r-h,ej  *  7,7 &s,r~h,e) 

£  *  Z  ^  4 

-  (£  £.,7(z,r,e; 

:  i  O  - 

_  2 
rC  ~ 

=  -5^ —  lT(x,r,t-b.;  -  7(x.y,c) j ,  (59) 
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vhere  r  is  the  csss  dens i tv,  c  is  the  specific  heat  and  h„  is 

p  C 

of  the  tii&e  iscrei&ent- 
Arter  substituting 


the  length 
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?ig.  6;  Eegici;  of  analysis  vitij  sssacad*  caaadsry  ccnciticcs 
far  the  time-dependent  beat  flcs?  prebles.  Chly  the 


central  emitter  is  analyzed  for  thermal  stability. 

A  temperature  impulse  of  is  applied  at  tbe  point 
(x,y)  at  tine  t=  0. 
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and  xjuspisiyisig,  sine  fsSScui&aae  !eesrt£ssh3ni  is  cccaiaaed!  tier  the  rrm-S* 


sesRperasurra:  as  a  chnirtisnj  <sf  cine: 
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woe  vaiiae  of  the  spatial  istgrrali  &  is  specified  and  the  sine  interval, 

-  -  .  4; 

e_,  es  arrases  saasi  that  the  atefflciezt  £3—5$  is  Eq-  pi)  is  always  positive. 
At  same  particsiar  tine  irstast  t  «  fl),  whes  tie  transistor  is  ©peratizg  is 
the  steady  state  crrditios,  a  temperature  Inpuise  of  a  few  degrees  centigrade 
at  a  point  £x,yi  somewhere  ~vf^?rr  she  emitter,  as  ssews  is  Fig.  6  is  assumed - 
lie  eorresgctadirg  carrest  density  redistratcrticc  is  obtained  cy  trie 

i 

transistor  nodes  and  the  boundary  eooditioc  |  ^^i?)  is  Fig.  6 

is  correspondingly  modit-ed.  As  as  approximation.  the  rslEes  of  esltter- 
liese  junction  voltages,  V  ,  at  the  forty-one  discrete  points  are  assumed  to 
remain  constant  at  their  steady-state  raises,  during  this  redistribution. 
Using  Equation  (-51/  the  temperature  distribution  after  a  tine  interval  h 

t 

is  obtained  and  the  process  again  repeated,  if  the  temperature  distribution 
in  tine  settles  down  tc  the  steady  state  value,  the  transistor  is  said  to  be 
operating  under  stable  conditions.  On  the  other  hand  if  the  temperature 
continue?  to  increase,  the  value  of  tine  ic.tr.  the  transistor  becomes 
intrinsic  is  recorder  and  instability  is  predicted. 
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W  -  Collector  body  thickness 

x  -  longitudinal  direction 

y  -  Transverse  direction 

Ay  -  width  of  each  increment  in  the  active  base  region 

p  -  Mass  density 

p*  -  Charge  density 

a  -  Conductivity 

e  -  Permittivity 


The  fraction  of  transverse  base  current  that  is  drift  current 

Hole  life  time  in  base  region 

Electron  life  time  in  emitter  region 

Mobility  of  electrons 

Low  level  injections  electron  mobility 

Low  level  electron  mobility  in  base 

Low  level  electron  mobility  in  emitter 

Hole  mobility 

Low  level  injection  hole  mobility 
Low  level  hole  mobility  in  base 
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15.  Calculated  Results  for  Specific  Transistor  Designs: 


A  PNP  planar  power  transistor  structure  with  design  parameters  listed 
in  Table  1  is  analyzed.  Once  the  operating  conditions  are  specified  the 
steady-state  current  density  and  temperature  distribution  in  the  emitter 
are  plotted  with  the  aid  of  a  CalComp  plotter.  The  following  design 
parameters  are  varied  one  at  a  time  and  the  current  and  temperature  distribution 
at  a  given  power  density  calculated: 

1 .  Chip  thickness 

2.  Base  width 

3.  Emitter  width 

4.  Base  doping 

The  steady-state  current  density  and  temperature  distributions  have  also 
been  calculated  for  different  current  and  voltage  operating  points  and 
different  heat  sink  temperatures.  These  curves  are  presented  in  Fig.  7 
through  12.  Thermal  stability  is  tested  in  each  of  these  cases  by  introducing 
a  temperature  impulse  of  3°C  at  a  poin^  (x,y)  shown  in  Fig.  6  and  following 
the  disturbance  in  time.  The  resuits  of  this  test  are  given  on  each  graph, 
indicating  stable  or  unstable  behavior.  In  the  case  of  thermal  instability, 
the  time  constant  for  thermal  run  away  is  indicated. 

1 .  Effect  of  Varying  Collector  Current  and  Voltage  for  a  Given  Operating 
Power  Level 

The  thermal  problem  encountered  in  operating  a  transistor  at  high  voltages 
at  a  given  power  level  is  indicated  in  Fig.  7.  The  central  emitter  finger  of 
the  power  transistor,  shown  in  cross  section  in  Fig.  1(a),  is  taken  to  be 
operating  at  ^0  watts  dissipation,  in  the  active  mode.  The  current  density 
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Table  1 


Design  Parameters  for  a  PNP  planar  Power  Transistor  Structure 


Parameter 

Description 

Value 

Unit 

Pebo 

Low  level  electron  mobility  in  base 

1270.0 

2*— 

cm  /V-sec 

___ 

Uhbo 

Low  level  hole  mobility  in  base 

487.5 

cm  /V-sec 

peeo 

Low  level  electron  mobility  in  emitter 

65.0 

2 ... 

cm  /V-sec 

Th 

Hole  lifetime  in  base  region 

25 

psec 

w 

Base  width 

20.0 

pm 

^eo 

Equilibrium  concentration  of  holes  in  em 

1.5  x  10^° 

n. 

l 

Intrinsic  carrier  con.  at  room  temp. in  S: 

.1.5  x  10l0 

Si 

T 

e 

Electron  life  time  in  emitter  region 

2.0 

nsec 

N 

No.  of  increments  in  half  the  base  regioi 

l  20 

- 

h 

Emitter  finger  length 

2500.0 

pm 

n 

0 

The  base  doping 

1.0  x  1015 

mm 

H 

half  the  finger  width 

127.0 

pm 

W 

Collector  body  thickness 

3.0 

mils 

and  temperature  distribution  in  half  of  this  emitter  is  shown  in  Fig.  7. 

Note  that  the  peak  temperature  achieved  in  the  device  is  about  108°C  when 
operating  at  20  Volts  and  1.5  Amps.,  while  a  maximum  temperature  of  only  62°C 
is  reached  at  7.S  volts  and  4  amperes;  this  in  spi^e  of  the  extreme  edge 
"crowding1"  in  the  latter  case.  However  the  severe  crowding  in  the  latter 
case  results  in  a  low  grounded-emitter  current  gain,  h  ,  of  only  3.8.  A 

r  t 


somewhat  reduced  current  level  of  3  amps,  gives  much  less  crowding,  an  hFF 


(a)  Current  density  distributions  along  half  the  transistor 
center  finger  base  emitter  junction  and  (b)  temperature  distribution 
along  half  the  central  finger  width  calculated  for  the  following 
design  parameters  and  operating  conditions: 


Symbol 


ic(amps) 


stability 

unstable 

delay  time (ms) 

.14 

1S.0 


2.0 


42.4 


stable 


10.0 


3. 


17.9 


stable 


3.8 


|  stable 


Base  Doping  =  1  x  10  ,  /cm 

20  3 

Emitter  Doping  =  l.S  x  10  /cm 
Base  Width  =  20  urn 
Hole  Life  Time  =  25  ys 
Chip  thickness  =  3  mils  (0.00762  cm) 
Emitter  Width  =  10  mils  (0.0254  cm) 
Sink  Temperature  =  28.5°C 
Emitter  Finger  Length  =  2500  ym 


m f  17.9.  xadt  snly  a  sZ'z&xlf  higher  giiaycrwunnr  mm  imam 

A  stafrilu/  >TTgrtfrait cam  along  tae  lanes  diseassod  an  Sec.  II  indicages 
shag  14*  high  TOltage.  low  caarreac  averaging  mAc  is  basically  aostaUe  «*ile 
the  lew  *»Sgage,  high  OBrrcat  cases  are  tknaMy  stable,  Tfcis  data,  presented 
in  Fig.  r_  predicts  that  in  the  case  of  instability.  a  tier  delay  of  9.14 
xi!liseconds  occsrs  before  the  silicon  hecanes  intrinsic. 

2-  Effect  of  ledaciag  Transistor  Chip  Thickness 

The  additional  thermal  stability  achieved  by  thinning  do—  the  transistor 
chip  so  that  the  heat  is  the  device  can  be  more  efficiently  removed  by  the 
heat  sink  is  veil  uews.  Fig.  S  a%*rei  clearly  demonstrates  quantitatively 
the  rfjacti<K  s.a  aati-nom  temperature  achieved  is  the  traasistor  emitter, 
operating  at  a  power  level  of  iJ  wits,  by  reducing  the  chip  thickness  fra 
7  nils  to  2  nils.  At  7  nils  thickness  a  temperature  of  132*C  is  reached 
at  the  emitter  center,  while  the  temperature  there  only  reaches  56*C  «hts 
the  chip  is  thinned  to  2  ails.  A  stability  calculation  indicates  that  the 
device  is  subject  to  2nd  breakdown  for  a  chip  thickness  of  7  ails  or  note, 
but  is  stable  for  a  thickness  of  5  nils  or  less,  at  rG  watts  dissipation. 

Since  the  thin  chip  is  essentiail;-  isothermal ,  the  transverse  base  current 
causes  crowding  to  the  emitter  edge  and  hence  a  somewhat  reduced  hpp  of  15.5. 

The  current  gain  for  each  of  the  four  chip  thickness  considered  is  indicated 
in  Fig-  8  as  well  as  the  tine  delay  in  the  case  of  thermal  run  away  which 

is  0.51  rilliseconds.  j 
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Sixk  Yoyeratere  *  2S.5*C 
Emitter  Vidth  *  20  xils  (0.025*  cst) 
Exittcr  firmer  length  -  2500  va 


3.  Effect  rf 


feat 


The  fMifciiitqr  *f  xfecrui  hr  stabile  triimr  yririw  I y  c—lirg 
the  be—  sink  is  nfcmwt  Ijr  the  molts  staa  is  Fig.  9.  If  the  best  sick 
x  obtich  the  brke  as  enact ad  is  fernttei  te  rise  t»  a  tfmf  of  l§f*T 
x  abeme .  bile  tissigstaag  watts  per  enter  fitter,  it  bmes  thermal  iy 
—stable  mi  the  siluaa  will  beewnr  taenssk  9.33  ■■  Hirer— if  after  m 
initiating  heat  iapnlse.  this  saee  ie rice  —the less  will  jyeratt  stably 
at  a  heat  sick  leygatarc  ef  *S*C  er  xlw.  Efficient  c—  ling  ef  the  hear 
sick  u  -2S*C  will  teal  te  wake  the  chap  cna  —re  stable  ami  essentially 
asether— 1.  te  thez  the  trawme  base  Caere—  will  caatse  edge  crowding 
®f  SX  emtter  cm  —4  te-ce  X.  n«  remits  arc  *»—  X  H*.  ». 

4.  Effects  of  base  bidth  3 aria trows 

Vibe  base  width  power  t  raws  is  tars  are  focal  experimentally  to  he  —re 
stable  thermally  thaa  butok  base,  potentially  high  frcpeacy  inrices  when 
operating  at  the  same  power  level.  Ibis  is  confined  by  the  resalts  of 
calculations  sama  in  Fig.  10.  The  carat  density  and  temperature 
distributions  are  gives  far  devices  varying  in  base  from  20  to  3  cicroes.  The 
lifetime  of  holes  is  the  base  is  chosen  so  as  to  normalize  the  current  gala 
is  each  case  to  about  IS.  bits  the  tra&sistoi  collector  operating  at  eP  watts 
dissipation,  only  the  20  and  13  sicron  base  width  devices  are  thermal 2y 
stable.  As  the  base  width  is  reduced  to  10  and  S  —crons,  thermally  unstable 
operation  is  predicted  and  the  time  constant  for  thermal  run  away  is  reduced 
as  the  basewidth  is  decreas-  d.  This  is  due  to  severe  crowding  to  the  emitter 
edge  caused  by  the  large  tr.  nsverse  base  voltage  drop  which  results  fron  high 
base  resistance  due  to  the  narrow..  base  layer.  Note  that  the  current 
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Fig  JO: 


(a)  Current  density  distributions  along  half  the  transistor 
center  finger  base  emitter  junction  and  (b)  temperature 
distributions  along  half  the  central  finger  width  calculated 
for  the  following  design  parameters  and  operating  conditions: 


Symbol 

□ 

& 

+ 

X 

Base  Width (ym) 

15.0 

10.0 

5.0 

Hole  Lifetime (ys) 

25.0 

mm 

.86 

.19 

hFE 

17.9 

17.7 

18.1 

18.2 

Stability 

stable 

stable 

unstable 

unstable 

Delay  time (ms) 

- 

- 

.17 

.05 
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Ig  «  3.0  amps 

IS  3 
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20  3 

Emitter  Doping  *  1.5  x  10  /cm 
Chip  Thickness  *  3  mils  (0.00762  cm) 
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Sink  Temperature  =  28.5°C 
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TEMP  .  IN  DEG.  CENT . 

5C.00  60.00  70.00  80.00  90.00  100.00 


density  distribution  plot  of  Fig.  10  is  semi logarithmic  and  predicts  a 
current  density  ratio  of  more  than  1000  to  1  from  the  emitter  edge  to  the 
emitter  center  in  the  case  of  the  narrowest  base  layer.  These  results 
indicate  that  other  disign  or  operating  power  restrictions  have  to  be 
imposed  in  order  to  provide  stable  narrow  base  transistor  operation.  One 
aid  to  stable  high  frequency  transistor  design  is  the  narrowing  of  the  emitter 
finger  widths.  This  is  demonstrated  in  Fig.  11. 

5.  Effect  of  Varying  Emitter  Width 

Narrowing  of  the  emitter  width  keeping  the  same  average  current  density 
in  each  emitter,  results  in  more  uniform  current  density  and  temperature 
distributions.  Also  the  peak  temperature  in  each  emitter  finger  is  reduced  as 
the  fingers  are  narrowed.  The  wide  emitter  device  tends  to  exhibit  more  edge 
current  crowding.  Of  course  a  device  in  which  the  emitter  width  has  been 
reduced  by  a  factor  of  two  should  have  twice  as  many  fingers  to  be  able  to 
compare  transistors  operating  at  equal  power  levels.  That  is,  devices  of 
approximately  the  same  total  chip  size  operating  at  the  same  power  level, 
should  be  compared. 

6 .  Effect  of  Varying  Base  Impurity  Concentration 

It  Is  of  interest  to  consider  the  effect  of  increasing  the  base  donor 

concentration,  particularly  for  narrow  base  width  transistors  where  the 

transverse  voltage  drop  due  to  intrinsic  base  resistance  can  cause  severe 

current  crowding.  The  result  of  varying  base  doping  by  four  orders  of 
13  17  3 

magnitude,  from  10  to  10  donor  atoms/cm  is  shown  in  Fig.  12.  Curves 
are  plotted  both  for  the  normal  base  width  (20  microns)  and  for  the  narrow 
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Fig.  II : 


(a)  Current  density  distributions  along  half  the  transistor 
center  finger  base  eadtter  junction  and  (b)  temperature 
distributions  along  naif  the  central  finger  width  calculated 
for  the  following  design  parameters  and  operating  conditions: 
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U  wicr  t*  compare  the  resalts  mi  the  theoretical  calculation  of 
the  eaitter  anrreet  density  serf  Trey  in  tore  listrihatiet  as  well  as  the 

M  to  be  developed.  The  csarrem.  density  in  a  portioa  of  the  emitter  of 
a  transistor  can  ke  calculated!  if  the  local  eaitter-hese  jaactioa  voltage 
and  the  trnyrratnre  are  kaowm  there.  Electrical  probing  aloog  the  emitter 
fiagers  was  used  to  determine  the  loagitudiaal  jooctioa  voltage  variatioa. 
Thermal  probing  eeyloyiag  cholesteric  liquid  crystals  was  used  to  provide 
a  temperature  mapping  of  the  silicoa  traasistor  chip  surface.  Finally  a 
c.rcuit  was  constructed  to  stress  the  traasistor  to  successively  higher 
4  juer  levels  to  the  point  of  2nd  breakdown  and  then  suddenly  switching  off 
the  power  to  avoid  theraal  destruction.  In  this  way  the  matinua  stable 
operating  power  for  the  device  was  determined. 

A.  Electrical  Probing: 

The  experiaectal  arrangeaent  fer  voltage  probing  along  the  eaitter 
fingers  is  sketched  in  Fig.  13.  The  sharp  steel  ]  robes  nay  be  placed  at 
different  positions  along  the  interdigited  eaittei  and  base  aetallization 
and  the  potential  at  these  points  determined  with  respect  to  the  eaitter 
lead  potential  (taken  as  zero,.  Initially  a  determination  was  nade  of  the 
sheet  resistance  of  the  eaitter  and  base  aetallizations.  This  sheet 
resistance  can  be  calculated  fron  the  fornula 

SHEET  RESISTANCE  (OWS/ SQUARE)  =  (  j-  )(  *  ),  (42) 

1 
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aferre  AY  is  the  potential  difference  between  two  successive  points  along 
the  metallization  spaced  a  distance  L  apart.  I  is  the  current  and  V  is 
the  width  of  the  metallization.  ~ig.  14  shows  a  plot  of  AV  in  Millivolts 
versus  1  in  amperes  for  the  emitter  netallization  of  an  2N3263  power 
transistor.  The  sheet  resistance  determined  fron  the  slope  of  this  curve 
is  found  to  be  0.0042  Ohms  per  square  for  this  aluadaun  Metallization. 

In  an  atteapt  to  investigate  the  unifornity  of  current  emission  along 
the  length  of  an  emitter  finger,  the  emitter-base  junction  voltage  was 
measured  at  the  emitter  lead  end  and  at  the  far  end  of  the  finger.  If  the 
difference  between  these  voltages  (AV^  and  AV^  respectively)  is  negligible, 
this  would  indicate  uniforn  emission^.  However  a  large  discrepancy  between 
these  two  potential  differences  would  tend  to  indicate  that  the  emitter 
current  flow  is  essentially  cut  off  at  the  far  end  of  the  emitter  finger. 

A  plot  of  (AVj  -  AV2)  as  a  function  of  total  emitter  lead  current  shown 
in  Fig.  15  demonstrates  that  significant  non-uniformity  of  emitter  emission 
begins  to  occur  at  a  total  emitter  current  of  5  amps.  The  initial  slope 
of  this  curve  corresponds  to  the  normal  emitter  metallization  potential 
drop.  The  potential  drop  along  the  base  metallization  is  negligible  over 
the  range  of  current  values  used,  hence  the  base  metallization  may  be  taken 
as  equipotential . 


3.  The  current  density  at  any  point  along  the  emitter  is  assumed  to 
be  exponentially  dependent  on  the  junction  voltage  there. 
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It  is  also  of  interest  to  determine  whether  the  outer  emitter 
fingers  on  the  chip  carry  less  current  than  the  central  finger  at  high 
current  levels,  since  the  transistor  chip  will  be  cooler  at  the  edges. 

The  result  of  probe  measurements  along  an  outer  emitter  finger  and  the 
central  finger  are  shown  in  Fig.  15  The  fact  that  the  potential  of  the 
central  finger  is  higher  than  that  of  the  outer  finger  at  all  current 
levels  can  possibly  be  explained  by  the  lower  temperature  at  the  edges  of 
the  chip. 

However  a  true  determination  of  the  current  density  distribution  in 
the  transistor  chip  requires  the  independent  measurement  of  both  voltage 
and  temperature,  simultaneously.  Then  the  current  density,  Ig,  can  be 
calculated  from  the  expression 


nkT 


(43) 


where  T  is  t;  3  absolute  temperature,  E  is  the  energy  gap  width,  q  is  the 
electronic  charge,  V'  is  the  emitter-base  junction  voltage,  I_  is  the 

CD  O 

base  current,  R  the  base  resistance,  k  is  the  Boltzmann  constant,  n  is 
b 

a  number  between  1  and  2  and  B  is  a  proportionality  constant.  The  conclusions 
of  emitter  end  cutoff  and  outer  finger  cutoff  are  confirmed  by  interpreting 
the  data  given  in  Table  2  with  the  aid  of  Eq,  (43).  The  voltage  diffeience 
between  the  outer  and  central  finger  at  a  collector  current  of  7.5  Amps,  is 
consistent  with  an  approximate  temperature  differential  of  20°C.  However 
a  more  precise  determination  of  the  current  density  distribution  in  the 
chip  requires  a  separate  temperature  determination  and  a  method  for  making 
this  measurement  will  be  described  next. 


FIG.  15a 
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AV£B  refers  to  the  base  contact  end;  AV^'  refers  to  the  emitter  contact  end. 

Table  2, 

B.  Temperature  Determination  Using  Liquid  Crystals 

Cholesteric  liquid  crystals  were  used  .very  effectively  to  plot  the 

isotherms  on  the  surface  of  a  2N3263  transistor' chip  while  operating  in  the 

active  region  [12].  Liquid  'crystals,  useful  in  different  temperature  ranges, 

4 

are  readily  available  commercially  and  their  application  on  the  surface  of 
a  silicon  chip  is  easy  and  in  no  way  effect  the  characteristics  of  the 
device.  Some  liquid  crystals,  when  observed  in  white  light,  change  color 
over  the  complete  spectrum  (red  to  violet)  due  to  a  temperature  rise  of 
1°C,  while  others  require  a  change  of  50°C  or  more  for  this  change  to  take 
place.  A  variety  of  other  ranges  can  be  obtained  by  mixing  two  liquid 
crystals.  . 

At  first  the  various  liquid  crystals  to  be  used  had  to  be  calibrated 

I 

for  color  versus  temperature.  For  this  purpose,  thin  aluminum  lines  were 

I 

fabricated  on  small  glass  slides  by  the  process  of  evaporation,  photoresisting 
4.  For  example  Vari  ,  ight  Corporation,  9770  Conklin  Road,  Cincinnati  ,  Ohio. 
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und  then  etching.  Standard  microelectronic  techniques  were  used  and  line 
widths  from  10  to  40  ails  were  obtained.  The  geometry  of  the  aluminum 
patterns  used  arc  shown  in  Fig.  16. 

The  effectiveness  of  using  liquid  crystals  to  detect  temperature  changes 
on  the  surface  of  the  actual  transistor  chip  was  tested  with  the  help  of 
these  slides  by  passing  current  through  these  Aluminum  lines  and  observing 
the  color  changes.  From  the  color  patterns  observed  and  some  calibration 
curves,  it  was  possible  to  plot  the  isotherms  for  these  thin  aluminum  lines. 
The  reason  for  using  aluminum  is  obvious  as  the  emitter  and  base  metallization 
inan  actual  transistor  is  also  aluminum. 

For  calibration  purposes  these  slides  were  placed  in  a  grooved  recess 
on  top  of  an  accurately  controlled  hot-plate.  A  thermocouple  was  also 
connected  beneath  the  slide.  A  drop  of  liquid  crystal  was  placed  on  the 
slide  (pre-blackened  liquid  crystal  or,  if  the  liquid  crystal  is  colorless, 
then  a  base  coat  of  some  inert  black  paint  is  applied^  to  the  surface  before 
putting  on  the  liquid  crystal  for  better  detection  and  contrast  of  colors). 

The  temperature  of  the  slide  was  raised  very  carefully  and  the  various  color 
changes  of  the  liquid  crystal  were  observed.  Thus  in  this  way  the  various 
available  liquid  crystals  were  accurately  calibrated  for  color  change 
versus  temperature.  A  typical  set  of  calibration  data  is  shown  for  Vari-light 
Corporation's  liquid  crystals  solution  VL-126190  which  is  effective  in 
the  range  126  to  190°C,  is  shown  in  Table  3. 

5.  This  black  paint  can  later  be  removed  easily  using  petroleum  ether. 
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LINE  PATTERN  FOR  TEMPERATURE 

CAL/S E RATION  Or  LICXUID  CRYSTALS, 


VL  -  126190 


LIQUID  CRYSTAL  SOIi/TI 0W 


Color 

Temperature 

Colorless 

>  190*C 

Colorless  to  Violet 

190°C 

Violet  Center 

133°C 

Violet  to  Blue 

170. 5°C 

Blue  Center 

165°C 

Blue  to  Dark  Green 

160°C 

Dark  Green  Center 

156.25°C 

Dark  Green  to  Light  Green 

148°C 

Light  Green  Center 

14S°C 

Light  Green  to  Orange 

------  -  -  -  -  -  -  - 

140°C 

Orange  Center 

138°C 

Orange  to  Red 

133°C 

Red  Center 

130. 5°C 

Red  to  Colorless 

126°C 

Colorless 

<  126°C 

Table  3 
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Temperature  isotherms  on  the  surface  of  a  3X3263  transistor  chip 
operating  in  the  active  region^  were  new  plotted.  A  plot  of  these  isotherms 
is  shown  in  Fig.  17.  Khile  observing  the  temperature  distribution  on  the 
nine  emitter  fingers  of  this  interdigited  device,  the  fingers  were  electrically 
probed,  yielding  the  base-emitter  voltage,  V^,  at  various  points  along  each 
of  the  emitter  fingers.  Assueing  that  this  measured  voltage  was  essentially 
across  the  emitter-base  junc*ion^,  the  average  emitter  current  density  at 
each  point  was  calculated  using  the  expression 

J£  =  AT3exp(-Eg/nkT)exp(qVEB/kT)  [U) 

The  calculated  average  current  densities  at  various  points  along  the  central 
emitter  finger  of  this  device  are  plotted  in  Fig.  18. 

Since  n  in  Eq.  (44)  lies  between  1.0  and  2.0  but  is  unknown,  three  different 
curves  are  plotted  for  assumed  values  of  n  =  1.0,  1.5  and  2.0.  In  spite  of 
the  fact  that  this  uncertainity  in  n  doesn't  permit  calculation  of  the 
absolute  value  of  the  current  densities,  the  relative  current  distribution 
indicated  in  Fig. 18  is  seen  to  be  independent  of  n.  This  graph  shows  a 
peaking  of  current  density  about  half-way  along  the  central  emitter  finger 
and  a  tendency  toward  current  cutoff  at  the  end  ot  finger  furthest  from 
the  emitter  feed  lead. 

Another  set  of  curves  depicting  the  current  density  variation  along 
each  of  the  nine  emitter  fingers  is  shown  in  Fig.  19,  Here  an  average  value 
of  n  =  1.5  is  assumed  for  calculation  purposes.  In  almost  all  cases  the 

6.  The  device  was  operated  at  an  emitter  current  of  3  Amps  and  a  collector 
potential  of  3.7  Volts, 

The  IgRg  base  resistance  drop  was  assumed  to  be  negligible. 
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current  density  again  peaks  nearly  half-way  along  the  various  enitter 
fingers.  A  curious  result  however  is  the  average  current  density  in  the 
two  outer  fingers  (Nos.  1  and  9)  is  distinctly  lower  than  all  the  other 
fingers  with  the  exception  of  no.  5.  Cooling  at  the  edges  of  the  chip 
would  explain  the  lower  current  density  estiaated  in  the  outer  fingers  but 
doesn't  explain  the  lower  current  density  in  finger  No.  5.  This  cannot  be 
explained  in  terns  of  cooling  via  the  eaitter  and  base  feed  leads  either. 

It  is  concluded  that  although  the  general  form  of  the  isothermals  shown 
in  Fig.  17  correspond  to  cooling  from  the  edges  of  the  chip,  the  symmetry 
of  the  temperature  distribution  is  skewed  away  from  the  emitter  feed  lead. 
This  can  perhaps  be  explained  by  hot  spots  in  the  middle  of  finger  Nos.  ( 
and  7,  and  hence  the  higher  current  dens.ty  in  these  emitters  as  seen  in 
Fig.  19.  The  low  current  density  in  finger  No.  5  may  be  due  to  high  series 
resistance. 

Figs.  20a,  20b  and  20c  show  color  photos  of  the  transistor  chip 
coated  with  liquid  crystals  at  various  emitter  current  levels.  The  photo 
in  Fig.  20a  is  taken  at  a  comparitively  lower  emitter  current  than  Fig.  20b 
and  20c  and  one  can  see  that  the  heating  is  quite  non-uniform  and  skewed 
towards  the  right.  This  non  uniformity  is  more  pronounced  in  the  photos 
of  Fig.  20b  and  20c,  which  are  at  almost  double  the  current  level  as  compared 
to  Fig.  20a.  Here  it  depicts  quite  distinctly  that  the  left  half  of  the 
transistor  is  rather  cold  as  compared  to  the  right  half  and  that  even  in 
the  right  half  some  regions  are  more  hot  than  the  others,  the  difference 
being  as  much  as  about  60°C  (between  violet  and  red).  This  non-uniformity 
in  heating  of  the  transistor  chip  especially  at  high  current  levels  may  be 


accounted  for  by  improper  heat  sinking  or  the  change  of  transistor 
characteristics  and  possible  damage  due  to  previous  2nd  breakdown  testing 
or  other  stressing.  Dramatic  skewing  has  been  observed  in  transistors  that 
have  been  previously  tested  numerous  times  for  2nd  breakdown. 

A  similar  isotherm  plot  was  made,  this  time  for  a  brand  new  transistor, 
untouched  except  by  the  manufacturer.  This  plot  is  shown  in  Fig.  21.  From 
this  again  the  transistor  chip  is  hottest  near  the  center,  with  the  hottest 
portion  again  slightly  skewed  towards  the  right.  The  9th  finger  (finger  on 
the  extreme  right)  is  hotter  as  compared  to  finger  1  (extreme  left) .  This 
may  be  why  fingers  1  and  2  are  carrying  less  current  than  the  others  as 
shown  in  Fig.  22  which  depicts  a  plot  of  the  calculated  current  density 
for  the  various  fingers  for  r,  *  1.5.  It  appears  from  these  curves  that  the 
bottom  left  hand  corner  of  the  transistor  chip  is  the  coldest  and  conducts 
minimum  current  as  compared  to  the  rest  of  the  transistor  chip.  Fingers 
5,6,7  being  the  hottest  carry  the  maximum  current. 

The  conclusion  that  can  be  d 'awn  from  all  of  these  curves  is  that  the 
central  portion  of  the  trans  istor  chip  in  general  conducts  most  of  the 
current.  The  boundary  of  the  chip  conducts  much  less  current,  particularly 
the  corner  near  the  emitter  lead  end.  Another  point  to  note  is  that  the 
emitter  regions  are  notter  than  the  adjoining  base  contact  areas  since  the 
former  are  carrying  substantial ly  more  current.  Hence,  in  fact,  the  area 
of  the  chip  which  is  conducting  is  substantially  less  than  the  total  chip 
area.  This  is  in  contrast  to  the  case  of  a  conventional  thyrister  in  which 
nearly  the  whole  chip  conducts  current  when  the  device  is  switched  on.  This 
partially  accounts  for  the  vastly  greater  current  handling  capability  of 
thyristers  compared  to  transistors  available  commercially  today. 
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B.  Measurement  of  2nd  Breakdown  Limitation  on  Commercial  Power  Transistors:- 
1.  The  Test  Circuit: 

In  order  to  determine  the  second  breakdown  Characteristics  of  various 

I 

power  transistors  under  DC  and  pulsed  conditions,  it  is  necessary  to  causd 
the  device  to  go  into  a  condition  of  second  breakdown,  detect  this  condition, 

i 

and  then  immediately  remove  power  from  the  device  before  it  is  destroyed. 

I 

Fig.  23  shows  a  block  diagram  of  the  test  set  which  was  constructed  to 

prevent  destruction  of  power  devices  during  forward-bias  second-breakdown 

»  :  «• 

testing.  This  test,  set  takes  advantage  of  the  distinct  changes  that  occur 
in  collector  current  and  yoltage  at  the  initiation  of  second  breakdown. 

The  collector-emitter  voltage  of  the  transistor  suddenly  drops  to  a  low 
value,  while  the  collector  current  rises  rapidly  to  a  high  value.  This 
rapid  rise  of  collector  current  is  detected  by  the  second  breakdown  (S/B) 

1 

sensor,  a  low- inductance  aii-core  transformer  in  series  with  the  collector 

i 

of  the  test  transistor  and  coupled  to  a  high  gain  amplifier.  The  output 
of  the  S/B  sensor  triggers  the  cut-out  latch  which  reverse  biases  the 
series-pass  transistor  causing  the  collector  current  of  the  test  transistor 
to  decrease  to  zero. 

The  operating  point  at  which  the  transistor  is  to  be  tested  is 
established  by  adjusting  the  base  drive  to  the  test  transistor  and  the 
power  supply  voltage,  V  which  appears  across  the  test  transistor, 
series  pass  transistor,  and  a  one  ohm  current  sensing  resistor.  Once  the 
desired  level  of  collector  current  has  been  set  by  the  Test  Current  Adjust 
potentiometer,  it  is  maintained  at  that  value  throughout  the  test  by  a 
feedback  network  consisting  of  a  current  sensing  resistor  and  differential 


amplifier. 

The  collector-to-emitter  voltage  of  the  series-pass  transistor  is 
maintained  at  a  constant  value  independent  of  test  current  by  a  feedback 
network  consisting  of  a  collector  voltage  sensor  and  a  differential  amplifier. 
This  circuit  is  incorporated  to  insure  that  the  series-pass  transistor  is 
operating  in  the  active  region  during  normal  operation,  thereby  minimizing 
turn-off  time  of  the  test  transistor  when  second  breakdown  occurs. 

If  the  test  transistor  has  large  leakage  current,  or  if  a  slow  thermal 
runaway  occurs,  the  collector  current  does  not  rise  fast  enough  to  be 

I 

detected  by  the  S/B  sensor  and  other  means  must  be  used  to  protect  the 
device.  This  is  done  by  sensing  the  collector  current  level  and  triggering 
the  cut  out  latch  when  this  level  exceeds  a  predetermined  value. 

The  schematic  diagram-  for  t.he  forward  bias  second-breakdown  test  set 
are  shown  in  Figs.  24,2a  and  26.  This  facility  is  capable  of  making  second- 
breakdown  tests  at  collector  current  levels  up  to  8  Amps  and  collector-to- 
emitter  voltage  levels  up  to  350  volts. 

A  test  is  initiated  by  either  closing  the  Test  switch  for  DC  operation 
or  applying  a  -10  volt  pulse  to  the  input  of  the  current  regulator  for 
pulsed  operation  as  shown  in  Fig.  24.  The  setting  of  the  Test  Current 
Adjust  potentiometer  determines  the  collector  current  level  at  which  the 
test  is  being  made.  The  current-sensing  feedback  loop  is  arranged  so  that 
only  actual  collector  current  flows  through  the  one  ohm  sensing  resistor, 
thus  assuring  accuracy  of  the  test. 

Stabilization  of  the  current  regulator  is  achieved  by  means  of  the 
100  microfarad  capacitor  at  the  output  of  Q14  and  the  0.039  microfarad 
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capacitor  at  the  base  of  Q17.  It  is  difficult  to  stabilize  the  current 
regulator  for  all  devices  to  be  tested  and  at  all  test  currents  and 
voltages  within  the  test  set  ratings  because  the  gain -bandwidth  product, 
f^,  of  the  test  transistor  depends  on  the  particular  device  being  tested 
and  is  a  function  of  the  voltage  and  current  levels  of  the  test.  Also,  the 
response  time  of  the  current  regulator  must  be  sufficiently  slow  to  prevent 
the  S/B  sensor  from  triggering  the  cut-out  latch  at  the  beginning  of  a  test 
which  would  incorrectly  indicate  a  second  breakdown.  Because  of  these 
restrictions  on  the  response  time  of  the  current  regulator,  the  minimuu 
test  current  pulse  width  that  can  be  applied  to  the  test  transistor  during 
pulsed  operation  is  10.0  milliseconds. 

The  circuit  for  regulating  the  collector-to-emitter  voltage  of  the 
series-pass  transistor  is  shown  in  Fig.  25.  This  voltage  is  varied  by 
adjusting  the  voltage  Adjust  potentiometer  which  establishes  a  reference 
voltage  at  the  input  of  the  differential  amplifier,  Q6.  Stabilization  of 
the  voltage  regulator  is  achieved  by  means  of  the  500  microfarad  capacitor 
at  the  output  of  Qo  and  the  0.015  microfarad  capacitor  at  the  base  of  Q9. 
018  and  its  associated  circuitry  maintain  a  charge  on  the  500  microfarad 
capacitor  while  the  test  set  is  in  a  latched  condition.  This  speeds  up  the 
recovery  time  of  the  voltage  regulator  when  che  cut-out  latch  is  reset. 

Q7  turns  Q9  off  during  a  latched  condition  which  minimizes  the  current 
handling  requirements  of  Q10,  a  low-power  high-speed  switch.  This,  and  the 
operation  of  the  series-pass  transistors,  Q12  and  Q13,  in  the  active  region 
assure; that  the  test  transistor  is  turned  off  within  one  microsecond  after 


second  breakdown  occurs. 


RESISTORS  ARE  'AW  UrJLESS  SPECIFIED  OTHERWISE 


When  the  second  breakdown  occurs,  the  rate  of  change  of  collector  current 
is  large,  inducing  a  positive  voltage  at  the  input  of  differential  amplifier 
Q2  as  shown  in  Fig.  26.  Overvoltage  protection  for  the  input  of  Q2  is 
provided  for  by  diode  D1  and  the  five  kilohm  potentiometer  at  the  input  of 
Q2  adjusts  the  sensitivity  of  the  S/B  sense  circuitry. 

Differential  amplifier  Q1  detects  a  condition  of  slow  thermal  runaway. 

The  current  level  at  which  Q1  triggers  is  determined  by  the  setting  of  the 
five  kilohm  potentiometer  at  the  input  of  this  ampli,  r.  Diode  D4  provides 
positive  feedback  for  differential  amplifier  Q3.  Thus,  once  a  condition  of 
second  breakdown  or  slow  thermal  runaway  occurs,  Q3  will  remain  in  a  latched 
state  until  the  reset  push  button  is  depressed,  holding  the  test  transistor 
in  an  off  condition. 

2.  Experimental  Results  on  Second  Breakdown: 

Experimental  studies  of  the  forward-biased  second  breakdown  characteristics 
of  various  commercial  power  transistor  were  conducted  under  DC  and  pulsed 
conditions  and  for  various  device  case  temperatures.  The  S/B  Test  Set  was 
used  during  these  studies  to  prevent  destruction  of  the  devices  being 
examined.  To  stabilize  the  case  temperature  of  the  device  under  test,  all 
measurements  were  performed  with  the  device  mounted  on  a  water  cooled  heat 
sink  having  a  thermal  resistance  of  approximately  0.1  degrees  centigrade 
per  watt.  Device  case  temperature  was  monitored  by  means  of  a  thei nocouple 
affixed  to  the  heat  sink  adjacent  to  the  device. 

The  second  breakdown  locus  for  a  given  device  is  determined  by  first 
setting  up  the  desired  collector  current  level  at  which  the  test  is  to  be 
made  by  .leans  of  the  Test  Current  Adjust  potentiometer.  This  is  done  with 
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collector  voltage  supply  set  at  some  low  value.  Then  the  collector 
voltage  level  is  incrementally  increased  until  second  breakdown  occurs  within 
the  test  period.  After  a  single  point  on  the  curve  has  been  experimentally 
determined,  the  validity  of  the  measurement  and  an  approximate  indication  of 
device  degradation  is  checked  by  repeating  the  test  with  the  collector  supply 
voltage  reduced  by  one  volt;  second  breakdown  should  not  occur  within  the 
test  period. 

The  experimentally  determined  loci  of  the  breakdown  characteristics 
for  the  type  2N3054,  2N3772,  and  2N305S  power  transistors  are  shown 
in  Figs.  27,  28  and  29,  respectively.  The  type  2N30S4  is  a  4  ampere,  25  watt 
device;  the  2N3772  is  rated  at  30  amps,  150  watts;  and  the  2N3055  is  rated 
at  15  ampere  and  117  watts.  All  are  silicon  devices  having  single  diffused 
"homotaxial"structure.c .  Base  resistivity  of  these  transistors  is  7-12  ohm- 
centimeters  and  each  has  a  base  width  of  0.65  mils  yielding  a  minimum 
gain  bandwidth  product,  f^,  of  800  kilohertz. 

An  estimate  of  the  thermal -equilibrium  junction  temperature  by  means 
of  the  manufacturers  specification  of  junction-to-case  thermal  resistance 
and  experimentally  determined  second-breakdown  power  levels  yielded 
expected  junction  operating  temperatures  in  excess  of  400  degrees  centigrade 
if  the  devices  were  tested  under  DC  conditions.  Therefore,  the  S/B  test 
time  was  limited  to  2.5  seconds  to  prevent  device  degradation  or  destruction 
by  normal  thermal  runaway. 

The  primary  breakdown  (P/B)  loci  in  these  figures  are  plots  of  open- 
base  collector-~o-emitter  breakdown  voltage  for  the  respective  devices.  The 
similarity  of  the  S/B  characteristics  of  these  devices  such  as:  toe  power 
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levels  at  which  S/B  occurs  being  much  greater  than  the  rated  power  dissipation 
levels  and  the  concave  downward  shapes  of  the  S/B  loci  may  be  attributed  to 
the  fact  that  the  three  types  of  devices  tested  have  similar  structures. 

Results  of  a  preliminary  investigation  of  the  temperature  dependence 
of  second  'breakdown  are  also  shown  in  Fig.  29.  In  order  to  more  accurately, 
determine  case  temperature,  these  tests  were  conducted  under  DC  conditions 
and  S/B  measurements  were  made  only  after  the  device  had  reached  thermal 
equilibrium. 

Breakdown  characteristics  for  the  type  2N3263  medium- frequency 

power  device  are  shown  in  Figs.  30,31.  and  32.  This  device  is  of  the' 

1 

diffused  emitter  dual  epitaxial  layer  type  having  maximum  ratings  of  25 

i 

amperes  collector  current  and  125  watts  collector  dissipation.  It  has  a  base 

i 

width  of  0.10  mils  and  a  minimum  f^,  of  20  megahertz.  i 

Figure  30  clearly  shows  that  for  values  of  collector-to-emxtter 
voltage  greater  than  25  volts  and  less  than  that  which  causes  primary  breakdown, 
the  maximum  DC  power  level  the  devi.ce  can  be  operated  at  is  determined  by 
the  DC  S/B  characteristics,  not  the  maximum  DC  power  dissipation  rating  of 
the  device.  Also,  for  a  constant  operating  powef  level  within  this  region, 
the  device  is  more  stable  operating  ut  low  voltage,  high  current  compared  to 
operation  at  high  voltage,  low  current. 

A  preliminary  investigation  of  S/B  characteristics  as  a  function  of 
collector  current  pulse;  width  is  shown  in  Fig.  31.  Because  of  tne  previously 
mentioned  limitations  of  the  S/B  Test  Set  under  pulsed  operation,  modification 
of  the  present  S/B  Tes’  Set  or  the  construction  of  another  test  facility 
that  will  generate  collector  current  pulse  widths  in  the  microsecond  region  is 
in  order.  High  frequency  behavior  of  S/B  also  needs  to  be  investigated. 
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The  temperature  deoendence  of  S/B  for  the  type  2N3263  is  shown 
in  Fig.  32.  It  is  interesting  to  note  that  for  this  device,  an  increase 
in  case  temperature  while  operating  at  high  current,  low  vol-tage  degrades 
device  stability  whereas  it  improves  the  stability  of  che  device  when 
operation  is  at  low  current ,  high  voltage.  This  su£  $  ests  further 
investigation  of  the  temperature  dependence  of  S/B  v.th  improved 
methods  of  controlling  and  measuring  device  temper  ture. 

It  was  decided  to  investigate,  in  a  precise  .-finer,  the  concept  of 
measuring  the  emitter-base  diode  voltage  at  a  fixed  value  of  current  as 
an  indication  of  device  temperature.  The  question  posed  was,  "where  in 
the  device  structure  is  the  temperature  being  measured  by  this  technique?" 
Considering  that  the  application  of  only  1  milliampere  of  current  to  a 
transistor  such  as  the  2N2405  will  provide  uniform  current  flow  and  that 
this  current  is  mainly  provided  by  space-charge  generated  flow,  the  diode 
current-voltage  relationship  may  be  written  as 

I  =  BT3/2exp(-E  /2kT)(  exp(qV/2kT)  -  1J.  (45) 

S 

The  experimental  verification  of  this  relationship  as  a  function  of 

-3 

temperat  ire  is  shown  in  Fig.  33  and  yields  a  value  for  B  =  2.78  x  10 

If  this  transistor  is  now  operatid  at  a  high  power  level,  the  emitter 
current-voltage  relationship  may  now  be  modeled  as 

!p  *  A  I  5  T'expC-E  /bkT  )exp(qV  /nkT  ),  (46) 

i  =  l  j=i  S 

where  thi  two-dimensional  transistor  emitter  is  now  considered  to  be 
composed  of  n  x  p  individual  emitters  connected  in  parallel.  This  model 
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is  the  one  that  has  previously  been  used  in  this  program  to  calculate  the 
current  and  temperature  distribution  in  an  emitter  finger  cross  section, 
but  their  variations  along  the  finger  were  ignored. 

A  computer  program  has  been  devised  to  yield  a  value  for  the  emitter- 
base  voltage  for  a  transistor  operating  with  an  arbitrary  temperature 
distribution,  with  a  small  current  applied.  This  would  tend  to  show  what 
temperature  is  in  fact  being  indicated  by  this  technique  of  measuring  the 
junction  voltage  for  a  small  applied  current. 

It  was  found  that  for  various  temperature  distributions  such  as  a 
linear  distribution,  a  gaussian  distribution  and  a  temperature  impulse 
(corresponding  to  a  "hot  spot")  yielded  results  that  tended  to  indicate 
a  junction  temperature  that  was  the  arithr»itic  average  of  the  assumed 
temperature  distribution.  The  tempera turf-  which  would  be  measured 
electrically  by  this  technique  for  a  typ* ;.\>1  emitter  temperature  distribution 
(previously  calculated)  is  shown  in  Fig,  34.  Again  approximately  an 
arithmetic  average  is  "measured". 
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IV.  METHODS  OF  IMPROVEMENT  OF  2nd  BREAKDOWN  TRANSISTOR  BEHAVIOR 


The  method  of  emitter  ballasting  to  improve  the  second  breakdown 
behavior  of  power  transistors  has  been  practiced  for  some  time  by 
manufacturers  of  these  devices.  Nichrome  thin  film  resistors  are  usually 
deposited  on  the  silicon  chip  and  electrically  connected  in  series  with 
each  of  the  emitter  fingers  of  the  interdigited  device.  Should  a  spurious 
hct  spot  occur  in  any  one  of  these,  fingers*  additional  current  will  tend 
to  be  drawn  by  this  emitter*  causing  an  additional  voltage  drop  across  the 
be1 i last  resistors  in  series  with  it,  which  in  turn  tends  to  reduce  this 
cu’Tent  increase.  This  stabilizing  feedback  mechanism  depends  indirectly 
on  the  local  temperature  rise  through  a  current  increase  which  is  sensed 
and  limited  by  a  ballast  resistor.  A  more  direct  approach  to  the  problem 
would  be  to  sense  the  temperature  rise  directly  and  provide  a  feedback 
mechanism  to  cutoff  the  excess  current  flow  caused  >y  this  temperature 
increase,  since  it  is  the  latter  which  can  destroy  the  device.  A  technique 
for  accomplishing  this  end  is  proposed  involving  a  thin  film  resistor  with 
a  negative  temperature  coefficient  which  shunts  the  emitter-base  junction 
locally,  thereby  limiting  the  increase  of  current  to  an  emitter  finger 
which  undergoes  a  spurious  temperature  rise.  First  the  computation  of  the 
proper  value  of  emitter  ballast  resistor  for  a  given  transistor  design  will 
be  discussed. 

A.  Computer  Calculation  of  the  Stabilizing  Effect  of  Emitter  Ballasting 
The  manner  in  which  the  maximum  power  that  a  given  transistor  design 
can  handle  (free  from  2nd  breakdown)  can  be  calculated  along  the  lines 
described  in  Section  II.  It  is  of  interest  to  determine  the  improvement 
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in  the  power  handling  capability  of  a  specified  transistor  design,  caused 
by  the  addition  of  different  values  of  ballasting  resistors.  The  technique 
for  carrying  out  this  computer-aided  calculation  is  as  follows:  First 
calculate  the  steady-state  current  density  and  temperature  distribution  in 
the  emitter  of  a  transistor  of  a  given  design  operating  at  a  certain  power 
level,  as  indicated  in  Section  II.  Now  note  the  emitter-base  junction 
voltage,  Vgg,  which  is  needed  to  sustain  the  specified  emitter  current.  Next 
assume  a  particular  value  of  series  ballast  resistor  to  be  placed  in  series 
with  the  emitter,  calculate  the  voltage  drop  across  the  resistor  due  to  the 
current  flow  and  add  this  to  to  yield  the  applied  voltage,  V^.  New 
assume  a  temperature  impulse  of  a  few  degrees  somewhere  under  the  emitter 
and  recalculate  the  current  density  distribution  due  to  this  incremental 
change  in  the  temperature  distribution.  Then  recalculate  the  new  temp¬ 
erature  distribution,  etc.,  following  che  time-dependent  heat  flow  analysis 
outlined  in  Section  II,  this  time  maintaining  a  fixed  applied  voltage,  V^. 

The  emitter-base  voltage,  Vg^,  at  each  instant  is  obtained  by  subtracting 
the  drop  across  the  ballast  resistor  from  the  assumed  constant  applied 
voltage,  V^.  The  criteria  for  2  breakdown  is,  as  before,  when  each 
successive  iteration  yields  continuously  increasing  temperature  values. 

If  stability  is  predicted  by  a  settling  down  of  the  temperature  rise  due 
to  the  initial  temperature  impulse,  successively  higher  applied  voltages 
can  '^e  assumed  until  Instability  is  predicted.  Now  the  new  power  capability 
of  the  given  transistor  design  with  a  specific  value  of  ballast  resistor 
has  been  determined.  Calculations  along  these  lines  are  being  pursued  and 
the  stabilizing  effect  of  emitter  ballasting  for  different  transistor  designs 
are  being  investigated. 
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B.  Temperature  Sensing  Stabilization: 


In  the  Fourth  Monthly  Report  a  possible  alternative  to  the  idea  of 
emitter  ballasting  was  suggested.  Since  the  temperature  rise  is  the 
intrinsic  cause  of  power  transistor  thermal  run  away,  it  was  proposed  that 
a  temperature  sensing  device  which  automatically  reduces  the  current  flow 
to  a  locally  heated  emitter  finger  would  be  more  appropriate  than  the 
current  limiting  action  of  an  emitter  ballast  resistor.  The  scheme  envisaged 
is  shown  in  Fig.  35.  The  resistor  marked  R  is  a  thin  film  semiconductor 
resistor  which  is  in  good  thermal  contact  with  the  transistor  and  can 
bypass -to -ground  excess  base  current  caused  by  internal  heating  of  the 
transistor.  Since  a  germanium  resistor  has  a  negative  temperature  coefficient 
of  resistance  starting  near  100°C,  such  a  device  would  appear  to  be  ideal 
for  this  purpose. 

Hence  it  is  of  interest  to  compute  the  resistance  variation  of  a  pure 
germanium  resistor  in  its  intrinsic  range.  The  germanium  resistance  value 
is  given  by 


where  C  is  a  constant,  independent  of  temperature.  Since  the  exponential 
term  dominates  the  temperature  dependence,  Lq.  (47)  may  be  approximated  by 


RCe  C'eEg/2kI. 


(48) 


Using  instead  the  data  on  m  for  germanium  of  Morin  and  Maita 


R_  @473°C  „ 

Ge  y  „„ 

-  'V  22 

R„  @373°C 
be 


(49) 


Hence  the  germanium  resistance  will  decrease  approximately  by  a  factor 
of  22  as  the  transistor  temperature  rises  from  room  temperature  to  200°C. 

If  the  transistor  is  driven  from  a  current  source,  the  decreasing 
value  of  the  germanium  resistor  with  transistor  heating  will  tend  to  cause 
the  input  current  to  bypass  to  ground,  preventing  the  device  from  over¬ 
heating.  If  the  transistor  is  driven  from  a  voltage  source,  the  germanium 
resistor  will  decrease  in  value  below  the  resistor  R  in  series  with  the 
transistor  base  connection  and  again  the  input  current  will  be  diverted 
to  ground.  The  resistor  R  required  will  now  be  much  lower  in  value  than 

D 

that  needed  to  limit  the  base  current,  if  no  germanium  shunting  resistor 
were  employed.  An  analysis  indicates  that  the  base  resistor  required  is 
given  by 


[1 _ 3  *  ft  ] 

1  y(a+B)  J 


RB  = 


1 


ri  1  +  B  fh  /K  -.t  *B1 

^  '  y(a+B)(hFEl/hFH2^ 


(50) 


where  a  represents  the  ratio  of  the  semiconductor  resistance  value,  R^, 
at  low  temperature,  T  ,  to  that  at  a  high  temperature,  T,.,  3  *  Rn/RD, 

1  Z  i  D 

Y  =  VEB2^VEB1’  ^FEl  an<^  *V'E2  rePrcsent  t^ie  ratio  of  the  transistor  current 
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gains  at  low  and  high  temperature  and  1^  is  the  transistor  base  current 
at  low  temperature.  The  value  of  Rg  so  calculated  will  insure  that  the 
collector  current  at  high  temperature  will  just  equal  that  set  by  Igj  at 
low  temperature. 

Hie  derivation  of  Eq.  (50}  may  be  obtained  by  writing  the  following 
circuit  equation,  assuming  =  1  for  simplicity: 


V.  *  1 
A 


1  '  VBE  =  rAR 


VBE  "  V 


*A  =  *B  +  *R 


(Sla) 

(51b) 

(51c) 

(Sid) 


Combining  these  equations  gives 


*R  “ 


1  -  Vb 


R  +  R 


B 


-  V 

(1  *  R/RB) 


If  the  device  parameters  and  current  values  at  the  initial  device  temperature 
is  denoted  by  the  subscript  1  and  the  subscript  2  denotes  u  higher 
temperature  that  the  device  is  suddenly  raised  to,  we  can  write 


R1 


(1/Rfi  -  !B2)d  *  Rj/Rb) 


igj)  (1  +  R2/,RB J 


(52) 


R2  (1/Kfi 

Defining  R0  =  R./a  and  R  =  R./3  =  aR  /S,  where  a  is  determined  by  the 
temperature  variation  of  the  Ge  reiistor,  Eq.  (52)  becomes 


I 


R1 

[R2 


1/R 


I 


=  (— g— )  r  AJL1-) 

1/R  -  I  1  +  6/a 

1/RB  b1 


(53) 
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Now  defining  y  =  VBE2/VBE1  *  IR2*YIRiRl  "  1r/°  !R1  *  Eq'  ^  0X11  *** 

c 

written  as 


ya(l  *  B/tt) 


<1/rb  V- =  C1/S  '  W* 


(54) 


(1  ♦  B) 

t  - 

For  stabilisation  let  us  Require  that  so  that  =  h^I^, 

using  the  definition  of  the  grounded -emitter  current  gain,  h^.  The  value 
of  Rg  required  can  now  be  written  as  in  Eq.  (50).  Rj  is  obtained  from 
Rg  after  a  value  of  3  is  chosen.  Fron  good  current  gain  considerations 
$  should  be  about  5  or  wore  and  a  and  y  are  known  from  semiconductor  theory, 
once  the  temperature  dependence  of  hpg  is  defined,  so  that  all  parameters 
are  deter/?:ned.  As  a  sample  calculation,  let  us  assume  that  is 
temperature  independent  and  »  then 


II 

lE2 


=  1 


De 


■ -qV^J/nkT 


g  BE1 


1 


De'(Y«VBE2)/l*T2 


(55) 


where  D  and  rt  are  assumed  constant  and  independent  of  temperature.  Solving 
for  y  =  VBE2/VBE1  yields 


V  T  T 

VBE2  *2  ,  *2  ,  .. 

VBE1  ‘  T;  '  T1  '  8  q  BE1' 

and  assuming  E^  %  for  silicon  junctions. 


(56) 


Y  =  VBE2/'VBE1  *  ~  T2^T1')’ 


so  that  y  can  be  calculated. 

The  details  of  the  practical  implementation  of  this  invention  are 
being  pursued. 
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VI.  Goaciosioas 


Future  Mork 


A  technique  has  been  developed  for  the  theoretical  analyst s  of  the  theraal 
behavior  of  varioos  power  transistor  structures  operating  ia  the  active  region 
at  low  frequencies.  Computation  of  the  electric  current  aad  heat  flow  problea 
yields  a  prediction  of  the  steady-state  teaperatnre  aad  curreat  distribotioa 
ia  a  gives  interdigited  transistor  design.  Should  the  specified  operating 
power  be  to  hi^>,  excessively  elevated  teaperatures  will  be  predicted  aad  the 
seaicoaductor  aaterial  will  be  raised  into  its  "intrinsic"  raafe,  resulting  ia 
ordinary  theraal  runaway.  Ia  addition,  a  device  operating  aoraally  in  the 
steady-state,  at  a  relatively  high  power  level,  can  becoae  unstable  if  a  spurious 
teaperatnre  rise  occurs  soaewhere  ia  the  transistor  chip.  For  then  a  "lateral 
theraal  instability  nay  be  predicted  causing  a  very  local  concentration  of 
current  at  the  hot  spot  and  resulting  in  a  continuously  increasing  teaperatnre 
there,  in  tine.  This  constitutes  a  rodel  for  forward  second  breakdown.  A 
study  of  the  effect  of  device  design  paraaeters  such  as  chip  thickness,  bese 
width,  eaitter  width,  base  inpurity  concentration,  etc.,  on  theraal  stability 
has  yielded  information  which  aay  be  used  to  optimize  power  transistor  design. 

Experimental  probing  of  the  transistor  teaperature  distribution,  using 
cholesteric  liquid  crystals,  coupled  with  voltage  probing  along  eaitter  fingers 
has  yielded  inforaation  on  the  teaperature  and  current  distributions  in  a  DC 
operating  device.  Actual  DC  and  pulse  testing  of  transistors  has  supplied  data 
on  the  aaxiaun  power  capability  of  commercial  devices,  particularly  versus  case 
teaperature. 

Future  work  will  include  the  following  areas: 

1.  Theoretical  evaluation  of  the  teaperature  sensing  geraaniun  resistor 
nethod  of  transistor  theraal  stabilization  versus  the  ordinary  eaitter 
resistor  ballasting  scheme . 

2.  A  coupling  of  the  technique  of  liquid  crystal  tenperature  probing  with 
the  recond  breakdown  test  circuit,  in  order  to  pursue  thermal  studies 
near  the  device  instability  point. 

3.  An  extension  of  the  theoretical  study  of  theraal  instability  to  high 
frequency  and  pulsed  transistor  operation. 
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